Local effects of culverts on habitat features and fish assemblages in Blue Ridge streams by Huser, Daniel
  
 
 
 
 
To the Graduate Council: 
 I am submitting a thesis written by Daniel Huser entitled “Local Effects of 
Culverts on Habitat Features and Fish Assemblages in Blue Ridge Streams”.  I have 
examined the final copy of this thesis and recommend that it be accepted in partial 
fulfillment of the requirements for the degree of Master of Science with a major in 
Environmental Science. 
 
 
                                                                        Mark S. Schorr, Ph.D., Chairperson 
 
We have read this thesis and  
Recommend its acceptance:    
 
 
 
           Thomas Wilson, Ph.D. 
 
 
           Jonathan Mies, Ph.D. 
 
 
           Andy Carroll, M.S. 
 
 
 
 
 
 
Accepted for the Graduate Council: 
 
 
 
 
                                                                            Dean, Graduate Studies 
 
 
 
  
 
 
 
Local Effects of Culverts on  
Habitat Features  
and  
Fish Assemblages in  
Blue Ridge Streams 
 
 
 
 
 
 
 
 
 
A Thesis 
Presented for the  
Master of Science Degree 
The University of Tennessee at Chattanooga 
 
 
 
Daniel Huser 
May 2009
ii 
 
 
 
 
 
 
 
 
 
 
Copyright ©, Daniel Huser 
All Rights Reserved 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
ACKNOWLEDGEMENTS 
I owe great thanks to my graduate committee chairman Dr. Mark Schorr, who has 
contributed invaluable and unending guidance, effort, and knowledge throughout this 
entire project.  I also would like to thank to Dr. Thomas P. Wilson, Dr. Jonathan Mies, 
and Andy Carroll for offering their respective expertise while serving on my committee.   
Field work would not have been completed without the help of several people.  I would 
like to express thanks to Josh Smith, Daniel Armstrong, Bethany Baxter, Jeremy Cobb, 
Jeff Kemper, Jeannie Long, Callie Montgomery, Joe Nihill, Matt Schultz, Chris Vernon, 
Clay Warner, and Jonathan Warner.  I would like to thank my parents, Gerald and Julie 
Huser, and girlfriend, Elizabeth Westfall, who provided the love and support long before 
and throughout this endeavor.  All in all, I cannot express enough gratitude to everyone 
involved.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
ABSTRACT 
 
I studied environmental conditions, fish assemblages, and culvert features in 11 
headwater streams (Tennessee and Conasauga river drainages) in Cherokee National 
Forest (Blue Ridge ecoregion), Tennessee, May-August 2008.  Culvert-related effects on 
instream habitat and fish assemblages were measured at 10 stream sites: five sites 
contained culverts with artificial bottom substrates and five sites contained culverts with 
natural bottom substrates.  On each stream, paired sampling reaches (reach length ~35 
times mean reach width, drainage area <11 km2) were established 50 m upstream and 50 
m downstream of the culvert.  Reaches downstream of culverts with artificial substrates 
(compared to upstream reaches; related-samples t test) exhibited greater water depths, 
lower gravel/sediment depths, and higher percentages of bedrock and boulder substrates 
(P < 0.10).  Reaches downstream of natural substrate culverts (compared to upstream 
reaches) exhibited faster current velocities (P < 0.10).  Fish abundance (predominantly 
western blacknose dace Rhinichthys obtusus) was consistently higher downstream than 
upstream (P < 0.10), regardless of the culvert type.  In addition, reaches downstream of 
artificial substrate culverts exhibited reduced species evenness compared to upstream 
reaches.  Mark-recapture experiments on two streams documented fish movements 
through a natural substrate culvert (similar to those in reference areas); however, 
movements through a perched pipe culvert were not detected.  Data collected in the 
present study suggest that culverts had localized effects on instream habitat and fish 
assemblages, and that certain types of culverts may impede fish dispersal. 
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CHAPTER 1 
 
INTRODUCTION 
 
Road culverts can have pervasive negative effects on fish populations in North 
American streams.  For example, in Oregon and Washington, 10,000 culverts or more 
exist collectively, and at least 26 % have been considered to preclude spawning 
migrations of Pacific salmon (Oncorhynchus spp.; Gibson et al. 2005).  In Labrador, 
Gibson et al. (2005) found approximately 50 % of stream crossings along a new highway 
to be potential barriers to fish passage.   
Bridges represent the most ecologically benign type of stream crossing structure 
— due to natural streambed substrates and modest flow alterations — but they are also 
the most expensive (Warren and Pardew 1998).  Due to the lower cost and ease of 
construction, road culverts are often implemented at stream crossings (Warren and 
Pardew 1998).  Commonly used road crossings include box culverts, corrugated metal 
culverts, and arch culverts with natural bottom substrates (Gibson et al. 2005).   
Potential fish passage barriers at culvert crossings can occur for several reasons, 
including debris blockages, increased current velocities and turbulence, insufficient 
depths, and vertical drops (Baker and Votapka 1990; Bates et al. 2003).  Increased 
current velocities in culverts can result from reduced channel width, smooth artificial 
substrate, and increased slope (Baker and Votapka 1990).  Constrictive culverts create 
backwater areas at the culvert inlets and turbulent, high velocity flows at the outlets 
(Castro 2003).  Lack of substrate roughness (even without changes in slope or channel 
width) can accelerate velocities two to three-fold (Baker and Votapka 1992).   
Insufficient culvert depths and vertical drops (perched culverts) generally are the product 
2 
 
of improper construction and poor design (Bates et al. 2003; Gibson et al. 2005).  Perched 
culverts result when culverts constrict flow and augment velocities, resulting in scour 
pools and a lowered streambed downstream of the outlet (Bates et al. 2003).   
Depending on the species and life history stage, fish vary in their swimming 
performance (per laboratory experiments: Peake 2004; Haro et al. 2004) as well as their 
ability to traverse culverts with increased flows (Warren and Pardew 1998).  Warren and 
Pardew (1998) showed that fish passage frequencies through culverts are inversely 
related to the vertical drop, current velocity, and velocity:depth ratio.  Variation among 
fishes also exists in ability to navigate upwards through vertical drops at culverts, but 
vertical drops of 10 cm have been considered to be impassable by most fish species 
(Coffman 2005).   
Ecological connectivity of streams is necessary for fish populations and makes 
possible spawning migrations and other movements between necessary habitats, recovery 
from disturbance, and facilitation of gene flow (Baker and Votapka 1990).  Although not 
all fish migrate great distances, most fish move across a variety of habitats during one or 
more life history stages (Schlosser 1995).  Dispersal is sometimes necessary because fish 
rely on source-sink population dynamics (Schlosser 1998).  Recolonization after 
disturbances can depend upon fish movements through streams, and has been limited 
when barriers exist (Griswold et al. 1982).  Additionally, fish populations upstream of 
barriers which limit or preclude gene flow exhibit reduced genetic diversity (Wofford et 
al. 2005) and face greater risks of extirpation (Hilderbrand and Kershner 2000; Morita 
and Yamamoto 2002).  For these reasons, Bates et al. (2003) suggested that stream 
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crossing structures should allow year-round passage for all fish species and life stages; 
otherwise, habitat and population fragmentation may occur. 
Increased habitat fragmentation resulting from culverts can have negative 
implications on the long-term needs of fish populations (Gibson et al. 2005); however, 
few studies have measured the effects of culverts on downstream habitat and fish 
populations.  Wellman et al. (2000) reported that sediment depths and percentages of 
silt/clay in the streambed were significantly greater in stream reaches immediately below 
culverts than those observed downstream of bridges.  Eaglin and Hubert (1993) found the 
density of culverts to be positively correlated with embeddedness and fine sediment and 
negatively correlated with cobble and trout population parameters in a landscape-level 
study in Medicine Bow National Forest, Wyoming.   
Government reports have noted the prevalence of aggradation zones occurring at 
culvert inlets and scour pools downstream of culvert outlets when culverts are undersized 
(Baker and Votapka 1990; Bates et al 2003).  Channel incision has been a concern when 
accelerated culvert outflows erode banks and substrates at a greater rate than deposition 
can occur (Castro 2003; Allan and Estes 2005).  In severe cases, culverts can cause major 
changes in slope continuity, such as headcuts, and deep gullies can form as flood plains 
disconnect resulting in lower streambeds (Castro 2003). 
Increased awareness of fish passage problems and instream habitat changes as a 
result of culvert crossings can lead to mitigation of potentially deleterious effects and 
more stringent requirements (Gibson et al. 2005).  Consequently, new types of road 
crossings are being more carefully designed, constructed, and monitored (Gibson et al. 
2005).   
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In the Blue Ridge ecoregion, there is a paucity of scientific information on the 
effects of road crossings on instream environmental conditions and fish assemblage 
attributes.  Additionally, the effects of road crossings on non-game fishes have received 
little attention (Warren and Pardew 1998).  The objectives of this study were to:           
1) characterize water quality, instream habitat, and fish assemblages in selected Blue 
Ridge streams; 2) measure the effects of road culverts on environmental conditions and 
fish assemblages in Blue Ridge streams; and 3) measure the effects of road culverts on 
fish movements in Blue Ridge streams. 
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CHAPTER II 
METHODS 
Study Sites 
 Eleven study sites were established on 11 Blue Ridge streams (1st-3rd order) in 
Cherokee National Forest, Tennessee (Table 1; Figure 1).  Ten sites were selected to 
characterize environmental conditions and fish assemblages upstream and downstream of 
culverts.  At each of these sites, paired sampling reaches were located above and below 
road crossings.  Stream sites used in upstream-downstream assessments included culverts 
with artificial (n = 5) and natural (n = 5) bottom substrates.  Culvert features (i.e., vertical 
drop, length, width, wetted width, depth, and surface current velocity) were measured at 
each site.  Two sites were used to assess local fish movements in the vicinity of culverts.  
These sites contained culverts with artificial or natural bottom substrates. 
Upstream-Downstream Assessments 
Environmental conditions and fish assemblages were assessed at 10 stream sites 
in May-August 2008.  Positioned 50 m above and below culverts, sampling reaches were 
100 to 144 m long (at least 35 times the mean stream width; McMahon et al. 1996).   
 Environmental Conditions.  Water quality data were collected on four or five 
sampling dates (~2-week intervals) in each reach.  A YSI (Yellow Springs Instruments) 
meter was used to measure stream temperature, pH, conductivity, and dissolved oxygen 
in shallow runs (< 1 m deep).   
Instream habitat features were assessed once at each reach (McMahon et al. 
1996).  Most habitat variables that relate to channel morphology (stream width, depth, 
and thalweg depth; channel width and depth; and bank angle and substrate [% 
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composition and gravel/sediment depth]) were evaluated once at 13 channel-width 
transects per reach (Simonson et al. 1994).  Stream and channel depths and 
gravel/sediment depths were measured at three equally-spaced points along each of the 
13 channel-width transects.  Substrate composition (% bedrock, boulder [>256 mm], 
cobble [64-256 mm], gravel [2-63 mm], fine sediment [<2 mm]; per Wentworth 1922, in 
McMahon et al. 1996) was recorded along the entirety of each transect using the line-
intercept method (Brower et al. 1998).  Other geomorphological variables (habitat type 
[% pool, riffle, run], stream gradient) were assessed along a longitudinal transect that 
spanned the length of the site.  Clinometer measurements were used to estimate bank 
angles and stream gradients. 
 Hydrological assessments were conducted by measuring discharge and current 
velocity.  Both assessments involved measuring current velocity at 60 % of the depth (to 
estimate mean velocity in the water column; per McMahon et al. 1996) with an electronic 
current meter (Swoffer Model 2100).  Discharge was calculated on four or five dates    
(~2-week intervals) at one channel cross-section per reach using the velocity-area method 
(McMahon et al. 1996).  Current velocity was measured once per reach in the thalweg 
(deepest point) on 13 channel-width transects.  Additional current velocity measurements 
were recorded through the culverts using a stopwatch and a neutrally buoyant object.   
Habitat diversity was quantified using coefficient of variation (CV) for different 
instream features.  CV values were calculated for current velocity, thalweg depth, and 
stream and channel dimensions. 
Fish Assemblages.  Fish assemblages were sampled once in each reach.  
Beginning downstream, the entire study reach was sampled by single-pass electrofishing.  
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When stream widths were greater than 3 meters, two backpack shockers (Smith–Root 
Model 15-C) were used; otherwise, only one was used.  Seines (0.5-cm mesh) were used 
to block-off habitat areas (e.g., riffle/runs, pools) so that fish could be sampled more 
effectively.  Stunned fish were captured using dip nets.  Captured fish were kept 
temporarily in a live well and identified to species (Etnier and Starnes 1993), checked for 
anomalies (e.g., deformities, tumors, parasitic infections, external signs of stress), and 
then released near the sampling area.  Young-of-the-year fish were not included in the 
data analysis.  All fish sampling was conducted in accordance with IACUC (Institutional 
Animal Care and Use Committee) protocols (Appendix F.1).   
Fish assemblages were assessed separately in upstream and downstream reaches 
on each stream using indices of species diversity and abundance.  Estimates of species 
diversity were calculated using the indices of Shannon (diversity, evenness, richness) and 
Simpson (dominance; Brower et al. 1998).  Abundance estimates (number of fish per 100 
m
2) were computed for dominant species, other species, and total fish (all species 
combined). 
Fish Movement Experiments 
 Field experiments were conducted at two stream sites in July 2008 to assess 
localized fish movements in relation to road crossings for an 11-12 day calendar using 
batch-marking techniques.  One site (Davis Branch) had a pipe culvert (metal) with a 
vertical drop (31 cm).  Davis Branch was not assessed in upstream-downstream 
comparisons.  The other site (Indian Creek) had an arch culvert (metal) with natural 
streambed features.   
8 
 
Three fish mark/recapture sections were delineated in the vicinity of the culvert 
(Figure 2).  These sections (~30-40 m long) were established immediately upstream of 
the culvert, immediately downstream of the culvert, and farther downstream of the 
culvert (reference section).  Each section encompassed riffle, pool, and run habitats, 
whenever possible.  Two additional recapture sections (same length as mark/recapture 
sections) were established at the upper and lower boundaries of each site.  Relatively 
short stream sections (the same length as the culvert), established between mark/recapture 
and recapture sections to examine fish movements, were referred to as reference 
“culverts.” 
Block nets were placed at the upstream and downstream ends of each section to 
keep fish contained during sampling activities.  Two backpack electrofishers and three or 
four netters were used to collect fish within each sampling enclosure.  Each section was 
sampled using three-pass electrofishing, and fish were batch-marked according to the 
section they were collected from.  Specifically, fish collected in the three mark/recapture 
sections were marked by partial fin-clipping (upstream [upper caudal], downstream [right 
pelvic], reference [left pelvic]).  Fish were kept in an oxygenated live well to minimize 
stress and then released back into the section from which they were collected after 
completion of sampling.  
Fish movement was evaluated 11 to 12 days later by sampling within each 
mark/recapture section and recapture section using three-pass electrofishing.  This time 
frame was deemed adequate to allow for fish movements and to yield relatively high 
recapture rates (Warren and Pardew 1998).  Block nets were placed above and below 
each section at the beginning of the day to inhibit movement during research activities.  
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Individual fish were carefully examined to determine whether fin clips existed from the 
previous sampling session.  Each fin-clipped fish thus reflected its initial sampling 
location by marks unique to each section.   
Data Analysis 
Data analysis was conducted using the Statistical Analysis System (SAS 1998).  
Statistical significance was defined at the 0.1 alpha level.  Independent-samples t tests 
were used to compare culvert features (e.g., current velocity, vertical drop) between the 
two groups of road crossings (artificial vs. natural bottom substrates).  Satterthwaite tests 
(alternative parametric t tests) were applied to compare attributes that failed to meet the 
assumption of homogeneity of variance.   
Stream characteristics above and below culverts were compared using related- 
samples t tests.  Most stream variables exhibited normal distributions (per Shapiro-Wilk 
tests) and thus satisfied the normality assumption of the parametric t test.  If the 
assumption of normality was not met, the data were log-transformed (ln [x+1]; which 
generally corrected non-normality issues) and then analyzed with a related-samples t test.  
Upstream-downstream changes in diversity indices were assessed at sites where two or 
more species were present, and changes in species abundance estimates were assessed at 
sites where the respective species or species group was present. 
Proportions of fish moving through culverts were compared with those moving 
through natural areas (reference “culverts”) at the two sites using a chi-square analysis.  
Because sample sizes on the movements of individual species were too small for making 
valid statistical comparisons, total fish movements (of all species combined) were 
analyzed.   
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Watershed area analysis was conducted using Geographical Information System 
(ArcGIS 9.3) software (ESRI 2008) in conjunction with United States Geological Survey 
Digital Elevation Models (USGS 10 meter resolution DEM’s) and the projected UTM 
zone 16N coordinate system, NAD 27 datum (USGS 2000).  USGS DEM’s were 
converted to ESRI GRID format and then combined using the Spatial Analyst Mosaic 
tool to contain the entire study area.  Spatial Analyst tools, specifically the Fill, Flow 
Direction, and Flow Accumulation tools, were then used to calculate all raster files, 
determine the direction of flow from elevation changes, and establish low elevations 
areas where flows accumulate, respectively.  Pour points were created at the downstream-
most points at each site using a Trimble® GeoXHTM handheld GPS unit.  Pour points 
represented the lowest point in each watershed and were snapped to ensure their location 
in the flow accumulation zone.  The Spatial Analyst Watershed tool was then used to 
delineate the watersheds upstream of pour points.  These watersheds were converted to 
the ESRI shapefile format.  XTools Pro-extension for ArcGIS 9.x was used to calculate 
watershed areas.   
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CHAPTER III 
RESULTS 
Culvert Features  
Culverts with artificial and natural bottom substrates exhibited hydrological and 
morphological differences.  Comparisons (per independent-samples t tests) revealed six 
significant differences between the two culvert types (Table 2).  Artificial substrate 
culverts exhibited shallower water, narrower widths, lower culvert width:channel width 
ratios, and smaller wetted culvert width:stream width ratios.  Culverts with artificial bed 
substrates also had faster current velocities and greater vertical drops at culvert outlets.  
Scour pools occurred immediately below perched culverts with artificial substrates.  
Conversely, no vertical drops and only one scour pool occurred below culverts with 
natural bottom substrates.  Stream crossings were constructed between 1934 and the early 
1990s, though precise dates were not available for all culverts (Gary Hubbard, U. S. 
Forest Service, personal communication). 
Upstream-Downstream Comparisons 
Environmental Conditions.  Water quality conditions between upstream and 
downstream reaches were statistically similar in the overall comparisons (Table 3).  Sites 
with natural substrate culverts also displayed similar water quality conditions, whereas 
sites with artificial substrate culverts had mean dissolved oxygen concentrations that 
were higher downstream than upstream (8.97 mg/L v. 8.53 mg/L; Table 4).  Water 
quality conditions met statewide water quality criteria (according to the Tennessee 
Department of Environment and Conservation [TDEC] 2008) at all sites except one.  This 
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violation was a date-specific pH measurement of 5.9 upstream of the road crossing in 
Natty Creek.   
In the overall comparisons, downstream reaches exhibited faster current velocities 
and reduced gravel/sediment depths (Table 3).  Habitat conditions upstream and 
downstream of road crossings exhibited more differences for sites with artificial substrate 
culverts (7 variables) than sites with natural substrate culverts (1 variable; Table 4).  At 
sites with artificial substrate culverts downstream reaches revealed deeper water and 
thalwegs, higher percentages of bedrock and boulder, shallower gravel/sediment depths, 
and less variation in stream and channel width.  At sites with natural substrate culverts 
downstream reaches demonstrated greater current velocity.   
Fish Assemblages.  A total of 17 species (2689 individuals; 5 families) was 
sampled from the 10 stream sites (Table 5).  Western blacknose dace (Rhinichthys 
obtusus) and creek chub (Semotilus atromaculatus) accounted for 46 % and 20 % of the 
total catch, respectively.  Richness per site ranged from 1 to 10 species.  Introduced 
species (found in two sites in the Tennessee River drainage) included redbreast sunfish 
(Lepomis auritus) in Indian Creek, and Alabama hogsucker (Hypentelium etowan) and 
redeye bass (Micropterus coosae) in Baker Creek. 
Overall, three fish abundance estimates (total fish, western blacknose dace, other 
species) averaged greater in downstream than upstream reaches (Table 6).  At sites with 
artificial substrate culverts, downstream reaches exhibited greater western blacknose dace 
abundance and lower species evenness (Table 7).  At sites with natural substrate culverts, 
downstream reaches demonstrated greater abundances of total fish and other species (i.e., 
species other than western blacknose dace and creek chub; Table 7). 
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Fish Movements 
Fish mark/recapture experiments yielded similar recapture rates at the two sites, 
Indian Creek (55 %) and Davis Branch (56 %), but different movement patterns were 
detected (Figure 3; X2 = 5.657, P = 0.017, df =  1).  Total fish movements (analyzed 
statistically) were based on movements by five species (western blacknose dace, creek 
chub, largescale stoneroller, rainbow shiner, and banded sculpin; Table 8).  At Indian 
Creek, similar bidirectional fish movements were detected through reference areas (1.3 - 
1.4 %) and the culvert (1.4 - 2.8 % through an arch culvert with natural substrates).  At 
Davis Branch, fish movements were detected through reference areas (5.7 - 40.9 %) but 
not through the culvert (a pipe culvert with an artificial bottom substrate and a vertical 
drop) in either direction.  At this site, the greatest proportion of movements (40.9 %) was 
detected from the upstream mark/recapture section to the upstream recapture section. 
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CHAPTER IV 
DISCUSSION 
Environmental Conditions 
Physicochemical data indicated that certain water quality conditions (temperature, 
dissolved oxygen, pH, and conductivity) were generally favorable for supporting fish and 
other aquatic life in Blue Ridge streams.  One water quality measurement failed to meet 
statewide water quality criteria (according to the Tennessee Department of Environment 
and Conservation [TDEC] 2008) with a pH measurement of 5.9; however, Blue Ridge 
streams have been described as naturally acidic (Etnier and Starnes 1993).  
Culverts with artificial bottom substrates (concrete or asphalt-coated metal) had 
multiple effects on downstream habitat features (water quality, hydrology, stream and 
channel morphology, and substrate composition).  Culverts with artificial bottom 
substrates tended to have greater channel constriction (lower culvert width:channel width 
ratio), faster current velocities, shallower depths, and vertical drops.  These factors would 
likely result in more turbulent, erosive storm flows in downstream reaches.  However, 
because my study was conducted during base-flow conditions in May-August, 
subsequent discussion of storm-flow effects are speculative or based on other studies.   
The increased dissolved oxygen (DO) concentration in reaches downstream of 
artificial substrate culverts is likely a result of the vertical drops and turbulence 
associated with faster flows within the structures.  Despite the lack of literature on 
increased DO concentrations downstream of perched culverts, the effect of gravity-
induced turbulence on stream oxygen levels is well-known in lotic systems (Kalff 2002).   
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Sites with artificial substrate culverts had similar base-flow current velocities in 
upstream and downstream reaches; however, greater depths and less variable stream and 
channel widths in downstream reaches appear to be signs of increased incision and 
reduced channel complexity, respectively (Castro 2003).  Faster flows through narrow, 
perched culverts would probably contribute to a greater erosional environment 
downstream during large precipitation events.  Altered substrate composition (more 
boulder and bedrock, lower gravel/sediment depths) probably resulted as erosional forces 
swept away smaller particles, exposing more boulders and bedrock.  Downstream effects 
of constrictive, high-velocity culverts have been reported and include increased incision 
and reduced channel complexity from stream bank/bed erosion (Castro 2003).  
Study culverts with natural substrates were not on par with the newest culvert 
design techniques (concerning flood conveyance and replication of natural conditions; 
Hotchkiss and Frei 2007); however, they were seen as the most ideal in the area that were 
applicable to the study design.  The absence of vertical drops and scour pools at most 
sites with natural substrate culverts may be a result of their closer proximities to 
recommended flood conveyance and substrate roughness (required to maintain natural 
velocities).  Moreover, in theory, culverts with natural substrates and greater flood 
conveyance allow more continuity in dynamic debris and bedload movement through the 
system (Hotchkiss and Frei 2007).  Although sites with natural substrate culverts 
exhibited slightly higher current velocities downstream than upstream (0.12 m/s vs. 0.07 
m/s), there was no evidence of downstream changes in channel morphology and substrate 
composition.  In the present study, lack of evidence of scouring and incision downstream 
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may indicate debris/bedload continuity was not as disrupted in streams with culverts 
containing natural substrates. 
Mean base-flow current velocities were nearly 12 times faster in culverts with 
artificial substrates (0.544 m/s) than those with natural substrates (0.046 m/s).  
Constriction reduces channel width, but the volume of water passing through the culvert 
is maintained under increased pressure, and thus velocity is increased (Castro 2003).  
Lack of substrate roughness (even without changes in slope or channel width) can 
accelerate velocities two to three-fold (Baker and Votapka 1992).  The substantially 
faster current velocities observed in artificial substrate culverts were probably caused by 
smaller dimensions and lack of substrate roughness.  Culverts with faster current 
velocities had greater vertical drops suggesting streambed scouring immediately below 
culverts.  Increased velocities creating perched culvert outlets have been documented, 
and scour pools beneath these outlets are often armored in an attempt to dissipate energy 
and reduce erosion (Allan and Estes 2005). 
Culvert-related effects observed in the present study suggest increased erosional 
forces are leading to increased scouring downstream, and potentially incision.  Although 
scour/fill processes are expected locally due to the dynamic nature of streams, incision is 
said to occur when energy of flows results in greater erosion than replacement of 
sediments on a reach scale (Shields et al. 1994).  Constrictive culverts cause upstream 
aggradation at the culvert inlet due to backwater effects that reduce velocities and cause 
sediment fallout (Baker and Votapka 1992).  Aggraded sediment disrupts bedload sources 
from upstream and may impede replenishment of gravel/cobble substrates downstream 
after erosional events (Castro 2003).  This is evidenced by the increased exposure of 
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bedrock and thalweg depths as the streambed is eroded.  Downstream of culverts, a 
lowering in the streambed can occur because greater shear stress is exerted on the 
streambed than the banks (assuming they have similar stabilities; Castro 2003).  Further 
exposure of bedrock has been considered a channel incision indicator; however, when the 
streambed is more erosion resistant than the banks, the pressure will exert more force on 
the banks, which can reduce channel complexity (Castro 2003).  Increased exposure of 
bedrock and reduced channel complexity, both of which were detected in study reaches 
downstream of artificial substrate culverts, provide evidence of channel incision and bank 
erosion, respectively.   
Erosional, sediment transport, and channel-forming processes are most heavily 
influenced by bankfull discharges (Harrelson et al. 1994).   Increased incision and stream 
bed/bank erosion downstream of culverts has been documented as a result of these 
already high energy bankfull flows accelerating within culverts (Hotchkiss and Frei 
2007).  With flows greater than bankfull, floodplain relief reduces energy of flows 
outside of the channel (Harrelson et al. 1994).  Progression of incision can in some cases 
degrade the channel to the extent that floodplain connectivity is lost (Castro 2003).  As a 
consequence of reduced energy dissipation in the floodplain, the channel holds greater 
volumes of water prior to floodplain relief, and thus further channel erosion results (Bates 
2003). 
Sedimentation effects downstream of culverts were not observed in the present 
study, which may be related to the site locations.  Eaglin and Hubert (1993) reported that 
increased culvert density upstream of a reach correlated with a decrease in cobble and an 
increase in fine sediment and embeddedness; they suggested sediment delivery into 
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streams was likely a result of erosion of gravel/sediment from roadbeds and roadside 
ditches and the number of road crossings above each site (Eaglin and Hubert 1993). 
Wellman et al. (1998) reported culvert-related sedimentation as the major local impact on 
habitat immediately downstream of culvert outlets, where heavy deposition of fine 
sediments often occurs (e.g., scour pools, backwaters).  In the present study, sampling 
reaches were located in the upper watersheds of streams (above most of the culverts) and 
50 - 150 m or more away from road crossings (e.g., downstream of scour pools); these 
factors may have reduced sediment effects at sites.    
Fish Assemblages 
Downstream reaches exhibited higher fish abundances (western blacknose dace, 
other species, and total fish) regardless of culvert design.  Culverts with artificial bottom 
substrates were characterized by vertical drops and faster flows (versus natural substrate 
culverts).  Sites possessing these culverts revealed greater western blacknose dace 
abundance and reduced species evenness in downstream reaches, presumably due to 
culvert-related barriers (e.g., vertical drops, fast currents) and/or habitat effects (e.g., 
downstream scouring, reduced habitat complexity). 
Study sites having culverts with natural substrates exhibited greater fish 
abundances (other species and total fish) downstream than upstream.  Higher downstream 
abundances of total fish and other species reflect the collective responses of several fishes 
(Table 7).  Habitat conditions were similar in upstream and downstream reaches.  
Although the current velocity averaged slightly faster in downstream reaches (0.12 m/s) 
than in upstream reaches (0.07 m/s), there was no evidence of downstream changes in 
channel morphology or substrate composition.  Hence, it seems unlikely that culvert-
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related habitat effects were responsible for observed differences in fish abundances.  
These abundance differences suggest that culverts with natural substrates still exert some 
type of barrier effect, despite possessing conditions similar to the natural stream.   
Creek chub abundance was statistically similar in upstream-downstream reaches 
irrespective of the culvert type.  Creek chub may be able to negotiate culverts with faster 
flows and vertical drops more frequently than other cyprinid species, due to relatively 
large size and trout-like shape (Etnier and Starnes 1993).   
Western blacknose dace abundance averaged greater downstream than upstream 
at sites with artificial substrate culverts, with the most pronounced abundance differences 
observed at sites exhibiting the greatest vertical drops at culvert outlets.  Western 
blacknose dace (46 % of total fish) could be more vulnerable to potential culvert barriers, 
which could increase the chances of extirpation (Morita and Yamamoto 2002) and 
impede post-disturbance recolonization (Griswold et al. 1982).   
Higher abundances of western blacknose dace in downstream reaches may also be 
a result of this species benefitting from habitat alterations associated with culverts and 
scouring.  Blacknose dace (prior to its separation into Rhinichthys obtusus and 
Rhinichthys atratulus; Etnier and Starnes 1993) have been documented to tolerate a wide 
range of conditions, and at times live where no other fish can (Dietemann and Giraldi 
1973; in Klein 1979).  Scott and Helfman (2001) described blacknose dace as normally 
present in low numbers, but dominant over more sensitive endemics in disturbed 
environments.  Blacknose dace have been reported to prefer swift streams (Scarola 1973, 
in Trial et al. 1983) and exhibit greater abundances when surface velocities are between 
0.15 to 0.45 m/s (Gibbons and Gee 1972, in Trial et al. 1983).  Perhaps a preference for 
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greater velocities better suits this species for environments downstream of culverts with 
artificial substrates, which would experience high downstream current velocities (and 
shear stress) during storm events. 
Species richness was similar above and below culverts at the Cherokee National 
Forest study sites; however, a culvert-related decline in species evenness was detected at 
sites with artificial substrate culverts.  Downstream declines in species evenness may be 
due to the dominance of western blacknose dace below certain culverts.  At the two sites 
with artificial substrate culverts where western blacknose dace occurred both upstream 
and downstream in the presence of other species, western blacknose dace relative 
abundance appeared higher downstream (65 %) than upstream (53 %).   
In addition to the effects of culverts as barriers to fish movements, culvert-related 
declines in downstream fish evenness may be attributable to reduced variation in channel 
morphology and more prevalent bedrock and boulder substrates.  Increases in bedrock 
would be accompanied by a reduction in interstitial spaces, which are critical foraging 
and spawning habitats to many fishes (Matthews 1998).  Alteration of interstitial spaces 
has been suggested to potentially cause marked changes in potential nest sites, fish egg 
protection, and abundance/availability of macroinvertebrates as prey; and thus changes in 
abundance of different species of fish are possible, as well as altered predator-prey 
relationships (Crowder and Cooper, in Matthews 1998).  Habitat effects on fish due to 
scouring, incision, and reduced stream/channel complexity may be more devastating to 
sensitive and/or less abundant species than to the dominant species (e.g., western 
blacknose dace, creek chub).   
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Higher fish abundances in downstream reaches may be related, in part, to scour 
pools immediately below culverts.  Scour pools, observed below perched culverts and 
one non-perched culvert in this study, may provide drought refugia for fish downstream 
of culverts.  Drought refugia has been suggested as a limiting factor for fish assemblages 
in headwater streams (Schlosser 1995), and pronounced scour pools in otherwise shallow 
streams may offer increased survivorship downstream of culverts during extreme drought 
conditions (Allan and Estes, 2005).  Severe local drought has been documented as 
recently as 2007, one of the driest years on record in Tennessee since data collection 
began (NCDC 2008).  Matthews and Marsh-Matthews (2003) suggested that fish may 
have increased downstream movements in response to drying stream reaches, therefore 
the possibility exists that fish retreated from drying reaches through culverts and were 
unable to negotiate barriers thereafter.   
Cherokee National Forest (Blue Ridge ecoregion) was chosen as the study area, 
due to the infrequent changes in property ownership and land use above and below road 
crossings and little to no anthropogenic impacts that might confound comparisons; 
however, Blue Ridge fish assemblages are considered less rich than others locally (Etnier 
and Starnes 1993).  Stream sites chosen for this research were inhabited mainly by robust 
fish species and located along headwater streams, in which fish are probably more 
vulnerable to disturbance and thus potential extirpation when isolated by barriers 
(Hilderbrand and Kershner, 2000).  Future studies may choose to focus on sites with high 
species richness and the presence of sensitive species, as these would be more sensitive 
indicators of habitat and fish assemblage changes. 
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Fish Movements 
Results of mark-recapture experiments on two study streams indicated that local 
fish movements were affected by one culvert design (pipe culvert) but not by the other 
(arch culvert with natural bottom substrates).  My data on fish movements apply mainly 
to cyprinids (predominantly western blacknose dace and creek chub, and to a lesser 
extent rainbow shiner and largescale stoneroller).  Fish marked immediately upstream 
and downstream of culverts accounted for 94 % of fish movements detected, whereas 6 
% of movements detected were from the reference areas.  Greater proportions of fish 
moving away from the culvert on Davis Branch may reflect local habitat alterations or a 
fish passage barrier.   
 No fish movements were detected through a metal pipe culvert on Davis Branch.  
This culvert had a vertical drop of 31 cm, measured during base-flow conditions (July 
2008), which probably served as a major barrier to upstream fish movement at the time of 
this study.  Coffman (2005) suggested movements of fishes are generally impeded by 
vertical drops of greater than 10 cm.  Warren and Pardew (1998) similarly found pipe 
culverts, half of which had vertical barriers, to be bidirectional barriers to fish 
movements.  With current velocities greater than 0.40 m/s, Warren and Pardew (1998) 
found fish movements to be dramatically reduced.  Other culvert features on Davis 
Branch which may have impacted fish dispersal include relatively fast current velocity 
(0.45 m/s), reduced wetted width (0.47 m; 21 % of mean stream width), and depth (52 % 
of mean thalweg depth in reference “culverts,” which were riffles and shallow runs).   
 Most of the fish movements documented in Davis Branch were from fish that had 
moved away from the area immediately upstream of a pipe culvert (82 % of total detected 
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fish movements at Davis Creek; 40.9 % of fish marked in area), whereas others moved 
away from the area downstream of the culvert (18 % of total detected movements at 
Davis Creek; 5.7 % of fish marked in the area).  Sediment accumulation observed around 
the culvert inlet at Davis Branch may have altered the habitat and created a barrier to fish 
movement.  Aggradation of sediments, mostly gravel and cobble, often lead to very 
shallow depths immediately upstream of undersized culverts (Bates et al. 2003).  
Albanese et al. (2004) suggested that fish movements often correlate with poor habitat.  
Schlosser (1995) also suggested quality of necessary habitats and their proximities may 
influence fish to move at a greater frequency. 
 Bidirectional fish movements occurred through a concrete arch culvert on Indian 
Creek.  Culvert characteristics at this site which may have promoted fish passage 
included a natural streambed substrate (creating slower flows and natural flow variation) 
and moderate gradient (no vertical drop).  Warren and Pardew (1998) and Benton et al. 
(2008) similarly found that fish movements were facilitated by stream crossings that 
altered stream flow and depth regimes the least.  Coffman (2005) found most movements 
occurred when stream crossings lacked vertical drops and had slopes less than 1 %.  
Other culvert features on Indian Creek which may have allowed fish passage include low 
current velocity (0.01 m/s), greater wetted width (2.9 m; 119 % of mean stream width), 
and depth (212 % of mean thalweg depth in reference “culverts” which were riffles and 
shallow runs).    
Recapture rates in the present study (55-56%) appeared higher than those reported 
in other studies of stream fish movements (Warren and Pardew 1998 [18 % recaptured in 
spring, 21 % recaptured in summer]; Benton et al. 2008 [33 % recaptured in summer]; 
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and Coffman 2005 [23 % in summer, 20 % in fall]).  High recapture rates in the present 
study may be attributable to more intensive sampling (three-pass electrofishing) and 
shorter intervals between the collections (11-12 days) than those reported in the above 
referenced studies (Warren and Pardew 1998, two-pass electrofishing, 17 days in spring, 
12 days in summer; Benton et al. 2008, two-pass electrofishing, 29-34 days; and Coffman 
2005, one-pass electrofishing, 30 days).  Low water levels as a result of drought 
conditions (with 2008 rainfall in the study area at only 80 % of biyearly averages; 
National Weather Service 2009) may have also resulted in higher recapture rates.  Also, 
the lack of piscivorous fish at the study sites may have increased fish survivorship and 
thus recapture rates. 
 Total fish movements in the present study (5 % of fish recaptured) were lower 
than those detected in Benton et al. 2008 (32 % of fish recaptured); however, 
differences in experimental designs preclude valid comparisons.   
 Droughts can lower stream flows, decrease habitat areas (e.g., shallower pools 
and riffles), and ultimately may reduce fish movements (Matthews and Marsh-Matthews 
2003).  The small percentages of movements in the two study streams may be related to 
summer sampling during drought-related conditions, both of which reduced stream 
depths and habitat areas.  Future studies of fish movements in Blue Ridge streams should 
study fish dispersal during wet seasons and non-drought years.    
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CHAPTER V 
CONCLUSION 
 Culverts with artificial bottom substrates were characterized by more constricted 
channels, faster current velocities, and vertical drops.  These culverts resulted in 
downstream changes in habitat features (increased scouring and decreased channel 
complexity) and fish assemblages (increased abundance and decreased evenness).  They 
also appeared to present barriers to fish movements. 
Natural substrate culverts were characterized by less constricted channels and 
slower current velocities.  These culverts resulted in virtually no detectable changes in 
downstream habitat features; however, changes were observed in downstream fish 
assemblages (increased abundance).  Although the culverts with natural streambed 
features appeared to be more conducive to fish passage, they may still exert a barrier 
effect. 
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Table 1.   Characteristics of 11 stream sites in the Blue Ridge ecoregion of Tennessee.   
River 
drainage Stream 
Stream 
order 
Catchment 
area (km2) Culvert type  
Bottom 
substrate 
Conasauga Davis Branch 2 2.6 Pipe culvert Metal 
Conasauga Halfway Branch 1-2 1.7 Concrete arch Natural 
Conasauga Sawmill Branch 2 4.0 Pipe culvert Asphalt/metal 
Tennessee Baker Creek 3 10.1 Concrete arch Natural 
Tennessee Cookson Branch 2 1.2 Pipe culvert Natural 
Tennessee Grays Branch 1 1.3 Pipe culvert Asphalt 
Tennessee Greasy Creek 3 6.2 Box culvert Natural 
Tennessee Indian Creek 3 6.4 Concrete arch Natural 
Tennessee Natty Creek 2 4.1 Box culvert Concrete 
Tennessee Sina Branch 2 2.0 Pipe culvert Asphalt 
Tennessee Smith Creek 2-3 4.7 Box culvert Concrete 
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Table 2.  Characteristics of culverts with artificial and natural bottom substrates at 10     
    sites in the Blue Ridge ecoregion of Tennessee, May-August 2008.  Asterisks      
    indicate significant differences between means (independent-samples t tests;  
    * = P < 0.10, ** = P < 0.05). 
 
Culverts with 
artificial substrates 
(n = 5) 
 Culverts with  
natural substrates 
(n = 5) 
t-test 
statistic 
Parameter Mean ± SD Range  Mean ± SD Range  
Culvert features       
Vertical drop (cm) 22.50 ± 17.98 0-48.5  0 ± 0 0 -2.80** 
Culvert length (m) 9.26 ± 2.65 6.2-13.5  8.62 ± 3.07 5.1-12.0 -0.35 
Culvert wetted width 
(m) 
1.78 ± 1.13 0.5-3.4  2.94 ± 1.39 1.6-5.2 .1.45 
Culvert width (m) 2.31± 0.71 1.6-3.4  4.37 ± 1.67 1.8-6.1 .2.54** 
Culvert depth (cm) 3.50 ± 2.19 1.4-7.0  12.92 ± 9.77 5.1-30.0 .2.10* 
Culvert velocity (m/s) 0.544 ± 0.428 0.32-1.31  0.046 ± 0.015 0.02-0.06 -2.59* 
Culvert wetted width: 
stream width ratio 
0.52 ± 0.24 0.2-0.8  0.98 ± 0.37 0.7-1.6 .2.37** 
Culvert width: 
channel width ratio 
0.37 ± 0.05 0.3-0.5  0.64 ± 0.19 0.4-0.8 .3.21** 
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Table 3.  Environmental conditions upstream and downstream of culverts in Blue    
    Ridge streams in Tennessee, May-August 2008.  Asterisks indicate significant     
    differences between means (related-samples t tests; * = P < 0.10, ** = P < 0.05). 
 Upstream  Downstream  
t-test 
statistic Parameter n Mean ± SD Range Mean ± SD Range 
Water quality       
Temperature (°C) 10 19.5 ± 3.0 17.7 - 21.3 19.7 ± 3.2 17.2 - 22.5 1.04  . - 
Dissolved oxygen (mg/L) 10 8.7 ± 1.1 7.2 - 9.6 9.0 ± 1.1 7.9 - 9.5 1.60..-- 
pH 10 6.9 ± 0.4 6.4 - 7.3 7.0 ± 0.4 6.4 - 7.4 0.77..-- 
Conductivity (µS) 10 52 ± 20 22 - 79 54 ± 20 30 - 80 1.55..-- 
       
Hydrology       
Discharge (m3/s) 10 0.006 ± 0.007 0.001 - 0.023 0.006 ± 0.004 0.002 - 0.014 -0.24..... 
Current velocity (m/s) 10 0.12 ± 0.06 0.04 - 0.20 0.14 ± 0.04 0.08 - 0.19   1.98*... 
CV current velocity  10 110 ± 33 80 - 186 112 ± 40 74 - 194 0.20.-.- 
       
Stream morphology       
Stream width (m) 10 3.1 ± 0.9 1.8 - 4.5 3.2 ± 0.9 2.1 - 5.0 0.30..-- 
Stream depth (cm) 10 6.4 ± 3.6 2.9 - 13.0 6.5 ± 3.1 2.8 - 13.9 0.17-..- 
Thalweg depth (cm) 10 13.6 ± 6.3 7.2 - 25.7 14.7 ± 5.1 10.3 - 25.7 0.72..-- 
CV stream width (%) 10 19.2 ± 5.2 10.2 - 28.6 20.5 ± 10.8 7.6 – 38.9 0.48..-- 
CV stream depth (%) 10 28.2 ± 8.4 15.0 - 39.6 31.9 ± 12.3 18.8 - 62.0 1.24..-- 
CV thalweg depth (%) 10 54.1 ±18.3 28.3 - 86.2 45.9 ± 14.8 19.4 -64.8 -1.18...- 
Wetted undercut bank (%) 10 0.7 ± 0.6 0 - 2.1 1.1 ± 1.3 0 - 4.3 1.06..-- 
       
Channel morphology       
Channel width (m) 10 6.4 ± 1.4 4.7 -8.8 6.5 ± 1.4 4.6 - 9.1 0.69.   - 
Channel depth (cm) 10 36.8 ± 9.1 24.8 - 49.8 38.2 ± 9.0 22.0 – 52.3 0.40--... 
CV channel width (%) 10 22.4 ± 9.0 6.5 - 36.3 18.7 ± 5.1 10.2 - 25.5 -0.97….     
CV channel depth (%) 10 26.5 ± 6.4 18.5 - 37.7 26.7 ± 7.6 18.7 - 43.3 0.07-   - 
Bank angle (°) 10 41.6 ± 4.8 37.0 - 50.6 43.7 ± 5.8 34.7 - 54.6 1.20-- 
       
Streambed substrate       
Bedrock (%) 10 13.9 ± 15.6 0 - 38.4 20.0 ± 22.5 0 - 62.1 1.05.- 
Boulder (%) 10 5.6 ± 5.7 0 - 15.0 7.5 ±7.7 0.7 - 21.6 1.70.. 
Cobble (%) 10 36.4 ± 14.7 10.4 - 58.6 32.6 ± 10.5 10.8 - 46.6 -0.84..- 
Gravel  (%) 10 35.0 ± 15.3 17.4 - 59.6 30.5 ± 14.3 8.1 - 51.2   -1.32.. 
Fine sediment (%) 10 9.1 ± 9.8 0 - 30.1 9.4 ± 9.0 0.9 - 22.6 0.11-- 
Gravel/sediment depth (cm) 10 2.5 ± 1.5 1.2 - 5.9 1.8 ± 1.5 0.2 - 4.7 -2.93** 
       
Instream habitat features       
Large woody debris (%) 10 2.0 ± 2.1 0.2 - 7.3 1.4 ±1.3 0 - 4.2 -0.81…. 
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Table 4.  Environmental conditions (expressed as means) upstream and downstream of  
    culverts in Blue Ridge streams in Tennessee, May-August 2008.  Asterisks      
    indicate significant differences between means (related-samples t tests;   
    * = P < 0.10, ** = P < 0.05). 
 
Sites with   
artificial substrate culverts 
(n = 5) 
 Sites with  
natural substrate culverts 
(n = 5) 
Parameter Upstream Downstream  Upstream Downstream 
Water quality          
Temperature (°C) 18.62  18.52   20.39  20.87  
Dissolved oxygen (mg/L) 8.53 * 8.97 *  8.96  8.97  
pH 6.74  6.81     7.13  7.12  
Conductivity (µS) 42.0  43.4   62.6  64.4  
 
    
 
    
Hydrology          
Discharge (m3/s) 0.003  0.005   0.009  0.007  
Current velocity (m/s) 0.16  0.16   0.07 * 0.12 * 
CV current velocity 95.36  100.44   124.04  123.40  
 
    
 
    
Stream morphology          
Stream width (m) 3.04  3.41   3.10  2.89  
Stream depth (cm) 6.58 * 7.97 *  6.19  5.03  
Thalweg depth (cm) 13.15 * 16.86 *  14.02  12.58  
CV stream width (%) 17.7 * 13.6 *  20.7  27.5  
CV stream depth  (%) 23.2  23.8   33.2  40.0  
CV thalweg depth 46.32  39.50   61.91  52.25  
Wetted undercut bank (%) 1.02  1.67   4.83  4.45  
     
 
    
Channel morphology          
Channel width (m) 6.11  6.29   6.61  6.76  
Channel depth (cm) 30.26  39.01   43.30  37.35  
CV channel width (%) 27.39 * 15.30 *  17.43  22.13  
CV channel depth (%) 30.92  27.31   22.12  26.08  
Bank angle (°) 42.07  45.42   41.14  41.93  
     
 
    
Streambed substrate          
Bedrock (%) 8.78 * 22.60 *  18.97  17.46  
Boulder (%) 3.96 * 7.26 *  7.21  7.68  
Cobble (%) 47.09  36.99   25.79  28.16  
Gravel (%) 29.17  23.33   40.79  37.72  
Fine sediment (%) 11.00  9.82   7.23  8.99  
Gravel/sediment depth 
(cm) 2.49 ** 1.53 ** 
 
2.50  2.08  
 
  
  
 
    
Instream habitat features          
Large woody debris (%) 3.33  1.67   0.63  1.12  
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Table 5.  Fish species collected above and below culverts at 10 stream sites in the Blue  
    Ridge ecoregion of Tennessee, May-August, 2008. 
 Upstream of culvert  Downstream of culvert 
Species 
Number of 
individuals 
Number of 
sites 
 Number of 
individuals 
Number of  
sites 
Family Cyprinidae  
Campostoma oligolepis 
(largescale stoneroller) 
25 4  95 4 
Cyprinella venusta 
(blacktail shiner) 
33 1  44 1 
Luxilus chrysocephalus 
(striped shiner) 
2 1  11 1 
Notropis chrosomus 
(rainbow shiner) 
142 1  30 1 
Phoxinus tennessensis 
(Tennessee dace) 
55 5  237 5 
Rhinichthys obtusus 
(western blacknose dace) 
369 9  868 8 
Semotilus atromaculatus 
(creek chub) 
231 8  299 8 
      
Family Catostomidae  
Hypentelium nigricans 
(northern hogsucker) 
   2 1 
Hypentelium etowan 
(Alabama hogsucker) 
3 2  6 2 
      
Family Centrarchidae  
Ambloplites rupestris 
(rockbass) 
3 1  11 2 
Lepomis auritus   
(redbreast sunfish) 
1 1  13 1 
Lepomis cyanellus   
(green sunfish) 
   1 1 
Lepomis macrochirus 
(bluegill) 
   5 2 
Micropterus coosae 
(redeye bass) 
2 2  4 2 
      
Family Cottidae  
Cottus carolinae 
(banded sculpin) 
79 3  62 3 
      
Family Percidae  
Etheostoma coosae     
(coosa darter) 
6 1  10 1 
Etheostoma simoterum 
(snubnose darter) 
16 2  24 2 
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Table 6. Fish assemblage attributes above and below culverts at stream sites in the Blue Ridge ecoregion of Tennessee, May-August    
   2008.  Asterisks indicate significant differences (related-samples t tests; * = P < 0.10, ** = P < 0.05). 
  
Upstream  
 
Downstream  
t-test 
statistic Parameter  na Mean ± SD Range 
 
Mean ± SD Range 
Species diversity  
      
Richness (number of species) 8 4.9 ± 2.5 2.0 - 9.0  5.4 ± 3.2  2.0 - 10.0 1.08 
Diversity (Shannon’s index) 8 1.15 ± 0.46 0.68 - 2.15  1.10 - 0.38 0.65 - 1.65 -0.53- 
Evenness (Shannon’s index) 8 0.80 ± 0.16 0.58 - 0.99 
 
0.76 ± 0.15 0.50 - 0.93 -1.17-  
Dominance (Simpson’s index) 8 0.41 ± 0.09 0.29 - 0.53  0.42 ± 0.14 0.22 - 0.63 0.24  
    
 
   
Abundance (# of fish per 100 m2) 
Western blacknose dace 9 12.6 ± 8.9 1.4 – 24.8 
 
28.8 ± 18.9 0 - 63.4 
             -
---2.52** 
Creek chub 8 7.8 ± 5.7 4.0 - 20.7 
 
11.2 ± 3.9 6.4 - 16.7  1.63 
Other speciesb 7 11.5 ± 12.6 2.1 - 37.9 
 
23.1 ± 14.5 3.9 - 50.0    -2.45** 
Total fish  10 25.7 ± 18.9 4.2 - 60.4 
 
51.0 ± 23.9 15.9 - 92.9 ...-3.24** 
a
 Number of sites where two or more species were present (diversity comparisons) or where the respective taxon groups were present      
..(abundance comparisions). 
bLargescale stoneroller, blacktail shiner, striped shiner, rainbow shiner, Tennessee dace, northern hogsucker, Alabama hogsucker,          
 rockbass, redbreast sunfish, green sunfish, bluegill, redeye bass, banded sculpin, Coosa darter, and snubnose darter. 
 
 
39 
 
Table 7.  Fish assemblage attributes above and below culverts at stream sites in the Blue Ridge ecoregion of Tennessee. Asterisks    
    indicate significant differences between means (related-samples t tests; * = P < 0.10, ** = P < 0.05). 
 
 Sites with artificial substrate culverts    Sites with natural substrate culverts 
Parameter na Upstream Downstream  na Upstream Downstream 
Species diversity            
Richness (number of species) 3 5.0  4.7   5 4.8        5.8  
Diversity (Shannon’s index) 3 1.36  1.09   5 1.02  1.11  
Evenness (Shannon’s index) 3 0.92 ** 0.76 **  5 0.74  0.75  
Dominance (Simpson’s index) 3 0.38  0.42   5 0.43  0.42  
            
Abundance            
Western blacknose dace 5 7.1 * 30.3 *  4 19.4  26.9  
Creek chub 3 6.6  8.3   5 8.5  12.9  
Other speciesb 3 15.0  17.4   4 8.9 * 27.4 * 
Total fish 5 20.1  45.7   5 31.2 ** 56.3 ** 
a
 Number of sites where two or more species were present (diversity comparisons) or where the respective taxon groups were present      
..(abundance comparisons). 
b Sites with artificial substrate culverts had largescale stoneroller, blacktail shiner, rainbow shiner, Tennessee dace,  
 Alabama hogsucker, redeye bass, banded sculpin, and Coosa darter. 
b Sites with natural substrate culverts had largescale stoneroller, striped shiner, Tennessee dace, northern hogsucker, Alabama  
  hogsucker, rockbass, redbreast sunfish, green sunfish, bluegill, redeye bass, banded sculpin, and snubnose darter. 
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Table 8. Percentages of recaptured fish exhibiting upstream and downstream movement or no detectable movement at two stream     
   sites in the Blue Ridge ecoregion of Tennessee in July 2008.  Three mark/recapture sections were established at each site  
   (upstream of culvert, downstream of culvert, reference); n represents the number of recaptured fish that were marked in the      
   respective sections.         
 
 
 
 
Section immediately  
upstream of culvert 
 Section immediately  
downstream of culvert 
 
Reference section 
Species n 
Upstream 
movement 
(%) 
No 
detectable 
movement 
(%)  
Downstream 
movement 
through 
culvert (%) 
 
n 
Upstream 
movement 
through 
culvert 
(%) 
No 
detectable 
movement 
(%) 
Downstream 
movement 
(%)  
 
n 
Upstream 
movement 
(%) 
No 
detectable 
movement 
(%) 
Downstream 
movement 
(%) 
Davis Branch 
Rainbow shiner 1 100    7  85.7 14.3  12  100  
Western blacknose 
dace 
6 33.3 66.7   13  92.3 7.7  13  100  
Creek chub 11 36.4 63.6   8  100   29  100  
Alabama hogsucker      2  100       
Banded sculpin 4 50 50   5  100       
Total 22 40.9 59.1   35  94.3 5.7  54  100  
Indian Creek 
Largescale stoneroller 1   100  1  100   1  100  
Western blacknose 
dace 
59  100   55 1.8 96.4 1.8  53  98.1 1.9 
Creek chub 10 10 90   13 7.7 92.3   20  100  
Banded sculpin 2  100   3  100   3  100  
Total 72 1.4 97.2 1.4  72 2.8 95.8 1.4  77  98.7 1.3 
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Figure 1.  Location of study sites (watersheds are shaded) in the Blue Ridge ecoregion (Cherokee National Forest) of southeastern    
     Tennessee, May-August 2008. 
42 
 
 
Figure 2.  Diagram depicting sampling sections and other features used in fish passage experiments conducted on two Blue Ridge     
      streams (Davis Branch and Indian Creek) in Tennessee.  Three mark/recapture sections (unique marking sections in       
      parentheses) and two recapture sections were sampled in July 2008.  Fish movements were measured through one road 
      culvert and three reference “culverts” on each study stream.
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Figure 3.  Diagram showing recaptured fish (species combined) exhibiting movements through road culverts and reference culverts     
     and reference corridors (upstream/downstream movements indicated by arrows) and no detectable movements (from a  
     marking section) in two Blue Ridge streams in Tennessee, July 2008.  
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Appendix A.1.   Location of 11 Blue Ridge stream sites in Tennessee, sampled in May-August 2008.   
Stream Location GPS coordinates (Latitude/Longitude) 
Baker Creek FR 55, south of Parksville Reservoir, Polk County 35° 02' 51"/84° 38' 02" 
Cookson Branch FR 67, south of Parksville Reservoir, Polk County 35° 04' 04"/84° 39' 01" 
Davis Branch FR 67, south of Parksville Reservoir, Polk County 35° 01' 20"/84° 40' 34" 
Grays Branch FR 67, south of Parksville Reservoir, Polk County 35° 03' 50"/84° 39' 20" 
Greasy Creek Most upstream crossing on Archville Road, north of Kimsey Mountain Highway, 
south of Hiwassee River, Polk County 
35° 08' 37"/84° 30' 36" 
Halfway Branch FR 221, south of Parksville Reservoir, approaching the Conasauga River, Polk County 35° 00' 20"/84° 39' 55" 
Indian Creek FR 302, immediately south of Parksville Reservoir, Polk County 35° 04' 28"/84° 37' 35" 
Natty Creek FR 384, south of the Tellico River, Monroe County 35° 19' 02"/84° 13' 42" 
Sawmill Branch FR 67, south of Parksville Reservoir near the intersection with FR 221, Polk County 35° 00' 24"/84° 41' 05" 
Sina Branch FR 67, south of Parksville Reservoir, Polk County 35° 02' 20"/84° 39' 20" 
Smith Creek FR 23, south of Hiwassee River near Apalachia Powerhouse, Polk County 35° 09' 11"/84° 25' 25" 
46 
 
Appendix B.1.  Culvert attributes at 11 sites in Blue Ridge streams in Tennessee, May-August 2008. 
Site 
(culvert type) 
Bottom 
substrate 
Culvert 
vertical   
drop  
(cm) 
Culvert  
current              
velocity  
(m/s) 
Culvert  
depth  
(cm) 
Culvert 
width 
(m) 
Wetted 
culvert width:  
stream width 
 ratio  
Culvert  
width: 
channel width 
 ratio  
        
Baker Creek 
(concrete arch) 
Natural 0.0 0.05 30.0 5.5 1.59 0.79 
Cookson Branch 
(pipe culvert) 
Natural 0.0 0.02 10.3 1.8 0.81 0.39 
Davis Brancha  
(pipe culvert) 
Metal 31.0 0.45 4.0 NA 0.21 NA 
Grays Branch 
(pipe culvert) 
Asphalt 13.0 1.32 2.5 1.6 0.21 0.33 
Greasy Creek 
(box culvert) 
Natural  0.0 0.04 9.2 6.1 0.67 0.82 
Halfway Branch 
(concrete arch) 
Natural 0.0 0.06 9.9 3.9 1.04 0.71 
Indian Creek 
(concrete arch) 
Natural 0.0 0.06 5.1 4.6 0.79 0.52 
Indian Creeka 
(concrete arch) 
Natural 0.0 0.01 15.3 NA 1.19 NA 
Natty Creek 
(box culvert) 
Concrete 26.5 0.33 1.4 2.6 0.71 0.40 
Sawmill Branch 
(pipe culvert) 
Asphalt/ 
Metal 
0.0 0.36 7.0 2.2 0.37 0.33 
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Appendix B.1. Continued.        
Site 
(culvert type) 
Bottom 
substrate 
Culvert 
vertical   
drop  
(cm) 
Culvert  
current              
velocity  
(m/s) 
Culvert  
depth  
(cm) 
Culvert 
width 
(m) 
Wetted 
culvert width:  
stream width 
 ratio  
Culvert  
width: 
channel width 
 ratio  
        
Sina Branch 
(pipe culvert) 
Asphalt 48.5 0.32 4.0 1.8 0.51 0.33 
Smith Creek 
(box culvert) 
Concrete 24.5 0.40 2.5 3.4 0.80 0.45 
a
 Culvert attributes and stream  widths at study sites used in the fish movement experiments (Indian Creek and Davis Branch) were      
  measured using different methods than those in upstream-downstream comparisons. 
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Appendix C.1. Stream water quality and discharge (mean (SD), range, n = 4-6 sampling  
              dates per site at 10 sites (both upstream and downstream of road   
              crossings) in the Blue Ridge ecoregion in Tennessee, May-August 2008.  
Stream 
site Reach 
Temperature 
(C°) 
Dissolved 
oxygen 
(mg/L) pH 
Conductivity 
(µS/cm) 
Discharge 
(m3/s) 
       
Baker  Upstream 21.3 
(2.9) 
16.3-23.8 
8.3  
(1.0) 
7.3-9.7 
6.9  
(0.4) 
6.7-7.6 
37.0  
(4.2) 
31.0-42.0 
1.3 
(1.2) 
0.14-3.41 
 Downstream 22.5 
(3.4) 
16.9-25.3 
7.9 
(0.8) 
7.3-9.2 
6.7 
(0.1) 
6.6-6.9 
37.0 
(5.8) 
28.0-43.0 
1.4 
(1.3) 
0.12-3.60 
       
Cookson  Upstream 20.2  
(3.6) 
13.9-22.5 
8.7  
(0.9) 
7.6-9.7 
7.1  
(0.1) 
7.0-7.2 
68 
(5.3) 
61.0-73.0 
0.12 
(0.1) 
0.03-0.20 
 Downstream 19.9       
(3.4) 
13.8-21.8 
8.3  
(1.0) 
7.1-9.8 
7.1  
(0.1) 
7.0-7.2 
73 
(6.6) 
64.0-80.0 
0.2 
(0.3) 
0.04-0.74 
       
Grays  Upstream 19.3  
(3.5) 
13.2-21.4 
9.1 
(1.0) 
8.1-10.1 
7.0 
(0.1)  
6.8-7.1 
46  
(4.4) 
42.0-51.0 
0.3 
(0.1) 
0.20-0.45 
 Downstream 19.4 
(3.4) 
13.4-21.5 
9.5  
(1.0) 
8.5-10.7 
7.2 
(0.0) 
7.1-7.2 
50.0 
(9.9) 
32.0-55.0 
0.3 
(0.1) 
0.16-0.38 
       
Greasy  Upstream 20.7 
(1.1) 
19.4-22.1 
9.2 
(1.0) 
8.0-10.0 
7.2 
(0.3) 
7.0-7.6 
69 
(2.9) 
67.0-73.0 
0.4 
(0.3) 
0.10-0.89 
 Downstream 21.9 
(1.0) 
21.0-23.4 
9.8 
(0.7) 
9.1-10.4 
7.4 
(0.5) 
6.7-7.8 
70.0 
(2.0) 
69.0-73.0 
0.6 
(0.4) 
0.27-0.91 
       
Halfway  Upstream 18.6 
(3.8) 
11.8-21.1 
9.4  
(0.9) 
8.5-10.4 
7.1 
(0.1) 
7.0-7.3 
60.0 
(10.6) 
46.0-71.0 
0.4 
(0.5) 
0.09-1.29 
 Downstream 18.7 
(4.1) 
11.4-21.3 
9.4 
(0.9) 
8.4-10.5 
7.2 
(0.1) 
7.0-7.3 
62.0 
(11.4) 
47.0-73.0 
0.3 
(0.2) 
0.03-0.51 
       
Indian  Upstream 21.2 
(0.9) 
20.1-22.6 
9.3 
(1.0) 
8.2-10.6 
7.3 
(0.3) 
6.9-7.7 
79 
(14.3) 
59.0-99.0 
2.3 
(3.4) 
0.32-9.15 
 Downstream 21.4 
(1.0) 
20.2-23.0 
9.5 
(1.1) 
7.9-10.7 
7.3 
(0.1) 
7.1-7.5 
80 
(14.5) 
60.0-101.0 
1.0 
(0.9) 
0.09-2.63 
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Appendix C.1. Continued. 
Stream 
site Reach 
Temperature 
(C°) 
Dissolved 
oxygen 
(mg/L) pH 
Conductivity 
(µS/cm) 
Discharge 
(m3/s) 
       
Natty  Upstream 18.0 
(2.6) 
14.2-20.1 
8.4 
(1.0) 
6.8-9.5 
6.4 
(0.3) 
5.9-6.5 
22.0 
(5.0) 
15.0-27.0 
0.3 
(0.4) 
0.02-0.96 
 Downstream 17.7 
(2.5) 
14.1-19.7 
9.1 
(0.6) 
8.1-9.7 
6.5 
(0.1) 
6.4-6.6 
30 
(7.4) 
22.0-40.0 
0.6 
(0.5) 
0.16-1.24 
       
Sawmill  Upstream 19.5 
(4.3) 
12.0-22.6 
9.6 
(1.0) 
8.4-10.6 
7.2 
(0.1) 
7.0-7.3 
66 
(13.6) 
44.0-80.0 
0.6 
(0.5) 
0.14-1.23 
 Downstream 19.7 
(4.2) 
12.3-22.4 
9.4 
(1.1) 
8.1-10.6 
7.2 
(0.1) 
7.1-7.4 
63 
(18.5) 
36.0-83.0 
0.8 
(0.4) 
0.35-1.26 
       
Sina  Upstream 18.6 
(3.2) 
13.4-21.2 
8.5 
(0.8) 
7.8-9.4 
6.7 
(0.2) 
6.4-7.0 
41.0 
(5.7) 
34.0-48.0 
0.2 
(0.3) 
0-0.79 
 Downstream 18.5 
(3.1) 
13.4-20.9 
9.0 
(0.7) 
8.3-9.8 
6.71 
(0.1) 
6.7-6.8 
40.0 
(5.2) 
34.0-48.0 
0.2 
(0.3) 
0-0.70 
       
Smith  Upstream 17.8 
(2.3) 
14.0-19.3 
7.2 
(1.2) 
6.2-8.9 
6.4 
(0.2) 
6.3-6.7 
35.0 
(4.4) 
30.0-40.0 
0.2 
(0.3) 
0-0.77 
 Downstream 17.2  
(2.3) 
13.9-19.4 
7.9 
(1.3) 
6.2-9.5 
6.4 
(0.2) 
6.2-6.6 
34.0 
(4.6) 
30-41 
0.5  
(0.3) 
0.05-0.83 
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Appendix D.1.  Habitat types and stream gradients (estimated from one longitudinal  
      transect per reach ) at 10 sites (upstream and downstream of road    
               crossings) in the Blue Ridge ecoregion in Tennessee, May-August 2008. 
Stream site Reach Pool (%) Riffle (%) Run (%) Gradient (°) 
  
    
Baker  Upstream 52.9 10.6 36.6 0.5 
 Downstream 17.0 49.2 33.9 0.5 
  
    
Cookson  Upstream 6.0 64.0 30.0 1.0 
 Downstream 15.0 48.0 37.0 1.0 
  
    
Grays  Upstream 16.8 72.3 10.9 1.3 
 Downstream 0.0 71.0 29.0 1.0 
  
    
Greasy  Upstream 23.5 40.2 36.4 0.7 
 Downstream 17.4 53.0 29.5 0.7 
  
    
Halfway  Upstream 9.0 64.0 27.0 2.1 
 Downstream 13.0 72.0 15.0 1.1 
  
    
Indian  Upstream 20.3 59.4 20.3 0.7 
 Downstream 4.2 78.3 17.5 0.5 
  
    
Natty Upstream 6.4 60.0 33.6 1.6 
 Downstream 2.1 78.6 19.3 1.5 
  
    
Sawmill Upstream 3.2 62.7 34.1 0.9 
 Downstream 6.1 59.5 34.4 1.2 
  
    
Sina Upstream 5.0 64.0 31.0 0.7 
 
Downstream 7.0 68.0 25.0 1.1 
 
 
    
Smith Upstream 40.0 29.0 31.0 2.0 
 
Downstream 42.0 38.0 20.0 1.9 
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Appendix D.2.  Habitat characteristics [mean (SD), n = 13 stream-width transects per 
               reach] at 10 sites (upstream and downstream of road crossings) in the 
               Blue Ridge ecoregion in Tennessee, May-August 2008. 
  
 Stream and channel morphology 
Stream site Reach 
Current 
velocity 
(m/s) 
Stream 
width 
(m) 
Stream 
depth 
(cm) 
Thalweg 
depth 
(cm) 
Channel 
width 
(m) 
Channel 
depth 
(cm) 
Bank 
angle 
(°) 
  
       
Baker  Upstream 0.05 
(0.09) 
4.0 
(1.2) 
13.0 
(7.3) 
25.7 
(14.6) 
7.5  
(2.1) 
49.8 
(9.9) 
50.6 
(21.1) 
 Downstream 0.18 
(0.24) 
2.6 
(1.7) 
7.9 
(6.8) 
14.9 
(9.6) 
6.5  
(1.6) 
38.0 
(7.3) 
46.1 
(20.9) 
  
       
Cookson  Upstream 0.09 
(0.09) 
1.8 
(0.7) 
4.2 
(3.2) 
9.2 
(8.0) 
4.7  
(0.6) 
32.6 
(0.6) 
40.2 
(15.0) 
 Downstream 0.10 
(0.12) 
2.1 
(1.4) 
4.9 
(2.74) 
10.5 
(4.7) 
4.6  
(1.1) 
28.3 
(12.3) 
40.7 
(17.8) 
  
       
Grays  Upstream 0.15 
(0.12) 
2.1 
(0.7) 
4.4 
(1.4) 
9.6 
(2.7) 
4.9  
(1.1) 
29.7 
(11.2) 
39.1 
(10.3) 
 Downstream 0.19 
(0.17) 
2.3 
(0.6) 
5.1 
(2.0) 
10.6 
(2.1) 
4.7  
(0.7) 
43.1 
(9.6) 
43.9 
(10.3) 
  
       
Greasy  Upstream 0.04 
(0.05) 
3.0 
(1.0) 
2.9 
(1.8) 
7.2 
(2.6) 
7.1  
(0.5) 
41.2 
(7.9) 
37.0 
(12.5) 
 Downstream 0.08 
(0.15) 
3.1 
(1.7) 
2.8 
(2.6) 
10.3 
(6.7) 
7.8  
(1.5) 
36.4 
(8.6) 
37.9 
(15.9) 
  
       
Halfway  Upstream 0.11 
(0.13) 
2.2 
(0.9) 
5.6 
(4.0) 
13.2 
(8.2) 
5.0  
(1.1) 
44.3 
(8.2) 
37.6 
(9.4) 
 Downstream 0.14 
(0.10) 
3.1 
(1.2) 
4.2 
(3.0) 
11.5 
(5.3) 
5.8  
(1.0) 
31.8 
(8.1) 
40.5 
(16.6) 
  
       
Indian  Upstream 0.08 
(0.08) 
4.5 
(0.9) 
5.2 
(4.6) 
14.8 
(10.2) 
8.8  
(1.5) 
48.6 
(11.5) 
40.2 
(16.5) 
 Downstream 0.13 
(0.11) 
3.5 
(0.8) 
5.4 
(4.5) 
15.8 
(6.6) 
9.1  
(2.2) 
52.3 
(9.8) 
44.5 
(28.4) 
  
       
Natty Upstream 0.20 
(0.16) 
3.0 
(1.0) 
3.6 
(2.0) 
8.9 
(3.1) 
6.4  
(1.5) 
24.8 
(7.6) 
38.0 
(20.3) 
 Downstream 0.15 
(0.15) 
3.8 
(1.2) 
6.4 
(4.7) 
14.4 
(7.7) 
6.8  
(1.4) 
22.0 
(7.9) 
43.1 
(21.6) 
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Appendix D.2. Continued. 
  
 Stream and channel morphology 
Stream 
site Reach 
Current 
velocity 
(m/s) 
Stream 
width 
(m) 
Stream 
depth 
(cm) 
Thalweg 
depth 
(cm) 
Channel 
width 
(m) 
Channel 
depth 
(cm) 
Bank 
angle 
(°) 
  
       
Sawmill Upstream 0.18 
(0.16) 
3.5 
(0.9) 
6.3 
(3.8) 
12.7 
(6.5) 
7.1  
(1.6) 
33.9 
(10.1) 
41.6 
(17.5) 
 Downstream 0.19 
(0.14) 
3.6 
(0.5) 
8.9 
(4.4) 
21.2 
(5.3) 
6.1  
(0.8) 
43.2 
(11.9) 
34.8 
(10.9) 
  
       
Sina Upstream 0.19 
(0.17) 
2.9 
(1.1) 
5.8 
(2.9) 
10.9 
(5.2) 
4.9  
(1.6) 
25.2 
(6.1) 
41.8 
(27.9) 
 Downstream 0.19 
(0.16) 
2.4 
(0.4) 
5.7 
(3.2) 
12.5 
(5.8) 
6.1  
(1.1) 
46.9 
(11.8) 
54.6 
(18.9) 
  
       
Smith  Upstream 0.09 
(0.13) 
3.7 
(1.2) 
12.7 
(10.4) 
23.6 
(16.5) 
7.3  
(2.7) 
37.8 
(12.3) 
49.9 
(15.8) 
 Downstream 0.10 
(0.16) 
4.9 
(1.6) 
13.9 
(8.3) 
25.7 
(13.7) 
7.8  
(0.8) 
39.9 
(10.2) 
50.6 
(13.7) 
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Appendix D.3. Streambed substrate features [mean (SD), n = 13 stream-width transects     
              per reach] on 10 sites (both upstream and downstream of road   
              crossings) in the Blue Ridge ecoregion in Tennessee, May-August 2008. 
  Substrate coverage (%) 
Stream site Reach 
Fine 
sediment Gravel Cobble Boulder Bedrock 
  
     
Baker  Upstream 19.0         
(17.0) 
52.0   
(15.9) 
26.1   
(19.7) 
0.6       
(2.0) 
2.3       
(8.2) 
 Downstream 16.5         
(12.2) 
44.5   
(21.5) 
37.8   
(23.3) 
1.3       
(4.6) 
0             
(0) 
  
     
Cookson  Upstream 6.9            
(10.1) 
47.5   
(13.6) 
31.1   
(18.4) 
6.3     
(13.1) 
8.3     
(13.9) 
 Downstream 19.8         
(21.2) 
52.0   
(15.8) 
26.7   
(17.0) 
1.5       
(5.6) 
0             
(0) 
  
     
Grays  Upstream 19.5         
(23.2) 
17.5    
(11.4) 
56.5   
(21.0) 
1.5       
(5.6) 
4.9     
(12.4) 
 Downstream 22.9         
(18.6) 
9.7     
(12.0) 
35.5   
(26.0) 
0.7       
(2.5) 
31.3   
(25.3) 
  
     
Greasy  Upstream 2.9             
(4.8) 
49.3   
(18.4) 
25.1   
(13.1) 
4.8       
(7.6) 
18.0   
(18.8) 
 Downstream 0.6             
(2.0) 
32.3   
(32.0) 
12.1   
(15.1) 
6.3       
(9.9) 
48.8   
(30.2) 
  
     
Halfway  Upstream 2.8             
(5.9) 
31.0   
(19.6) 
8.9       
(8.4) 
13.8   
(14.4) 
43.5   
(36.4) 
 Downstream 1.0                                                            
(2.4) 
34.6
(15.8) 
31.3
(19.7) 
17.6   
(17.5) 
15.5   
(20.5) 
  
     
Indian  Upstream 3.5             
(6.7) 
24.6   
(12.5) 
36.9   
(22.0) 
10.5   
(10.8) 
24.5   
(30.7) 
 Downstream 2.0             
(3.9) 
29.9   
(16.9) 
37.9   
(21.1) 
8.9     
(17.4) 
21.3   
(31.6) 
  
     
Natty Upstream 0                    
(0) 
24.9   
(12.5) 
60.8   
(12.6) 
13.4     
(9.8) 
0             
(0) 
 Downstream 10.6         
(13.3) 
26.2   
(16.5) 
40.0   
(16.3) 
22.4   
(14.6) 
0.8       
(2.9) 
  
     
Sawmill Upstream 2.8             
(3.6) 
17.6     
(8.8) 
43.8   
(26.4) 
0.8       
(2.8) 
35.0   
(29.4) 
 Downstream 3.1             
(4.4) 
8.5       
(6.9) 
22.9   
(20.2) 
4.0       
(7.3) 
61.4   
(22.6) 
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Appendix D.3. Continued. 
  Substrate coverage (%) 
Stream site Reach 
Fine 
sediment Gravel Cobble Boulder Bedrock 
  
     
Sina Upstream 5.7             
(8.9) 
56.6   
(26.3) 
37.7   
(21.8) 
0             
(0) 
0             
(0) 
 
Downstream 0.9             
(3.1) 
37.9   
(17.7) 
44.9   
(15.4) 
1.4       
(5.1) 
15.0   
(19.5) 
 
 
     
Smith  Upstream 26.5         
(19.8) 
24.8   
(12.7) 
45.4   
(18.4) 
3.4       
(8.9) 
0             
(0) 
 
Downstream 11.3         
(10.0) 
39.1   
(14.9) 
32.7    
(26.6) 
10.8   
(10.9) 
6.2     
(10.9) 
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Appendix D.4.  Habitat diversity indices at 10 sites (both upstream and downstream of    
               road crossings) in the Blue Ridge ecoregion in Tennessee, May-August  
    2008.  CV = coefficient of variation. 
Stream 
site Reach 
CV 
current 
velocity 
(%) 
CV 
stream 
width 
(%) 
CV 
stream 
depth 
(%) 
CV 
thalweg 
depth 
(%) 
CV 
channel 
width 
(%) 
CV 
channel 
depth 
(%) 
        
Baker  Upstream 186.00 17.20 21.74 56.61 28.45 19.80 
 Downstream 138.13 33.33 35.27 64.13 25.45 19.22 
        
Cookson  Upstream 96.02 28.58 31.96 86.23 12.83 29.40 
 Downstream 119.17 33.15 29.73 44.43 24.73 43.25 
        
Grays  Upstream 79.99 19.04 15.01 28.34 21.40 37.67 
 Downstream 90.90 16.26 21.30 19.44 14.90 22.17 
        
Greasy  Upstream 122.89 23.42 39.46 35.78 6.54 19.24 
 Downstream 194.33 38.87 61.98 64.76 19.43 23.72 
        
Halfway  Upstream 118.82 24.25 33.34 62.14 22.32 18.54 
 Downstream 75.86 19.87 39.30 46.25 17.25 25.54 
        
Indian  Upstream 96.45 10.24 39.61 68.78 17.03 23.60 
 Downstream 89.45 12.11 33.74 41.68 23.79 18.66 
        
Natty Upstream 80.20 17.47 32.83 34.38 23.87 30.56 
 Downstream 96.28 15.04 19.05 53.67 20.78 36.06 
        
Sawmill Upstream 89.97 14.42 26.43 51.50 21.90 29.70 
 Downstream 73.56 7.64 28.92 24.85 12.66 27.57 
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Appendix D.4. Continued. 
Stream 
site Reach 
CV 
current 
velocity 
(%) 
CV 
stream 
width 
(%) 
CV 
stream 
depth 
(%) 
CV 
thalweg 
depth 
(%) 
CV 
channel 
width 
(%) 
CV 
channel 
depth 
(%) 
        
Sina Upstream 86.72 19.61 24.68 47.34 33.50 24.11 
 Downstream 82.85 11.11 18.84 46.29 17.94 25.23 
        
Smith  Upstream 139.93 18.11 18.70 70.02 36.28 32.56 
 Downstream 158.59 17.93 24.44 53.28 17.90 25.52 
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Appendix E.1.  Fish assemblage attributes (estimated from electrofishing data) at 10 sites  
               (upstream and downstream of road crossings) in the Blue Ridge   
               ecoregion in Tennessee, May-August 2008. 
Stream 
site Reach 
Total fish 
abundance 
(fish/100m2) 
Native 
species 
richness 
Shannon’s 
diversity 
Shannon’s 
evenness 
Simpson’s 
dominance 
       
Baker  Upstream 11.28 3 1.07 0.67 0.40 
 Downstream 33.78 3 1.14 0.71 0.39 
       
Cookson  Upstream 35.15 3 0.81 0.74 0.53 
 Downstream 92.86 3 0.99 0.91 0.40 
       
Grays  Upstream 19.37 3 0.87 0.79 0.48 
 Downstream 45.92 3 0.68 0.62 0.63 
       
Greasy  Upstream 60.37 7 1.38 0.71 0.29 
 Downstream 70.76 10 1.65 0.72 0.26 
       
Halfway  Upstream 12.61 2 0.68 0.99 0.49 
 Downstream 25.65 2 0.65 0.93 0.54 
       
Indian  Upstream 36.60 6 1.13 0.58 0.45 
 Downstream 58.45 8 1.11 0.50 0.51 
       
Natty Upstream 11.17 1 0 0 1.00 
 Downstream 15.94 1 0 0 1.00 
       
Sawmill Upstream 
50.53 9 2.15 0.98 0.32 
 Downstream 34.63 8 1.64 0.79 0.22 
       
Sina Upstream 4.24 1 0 0 1.00 
 Downstream 63.41 1 0 0 1.00 
       
Smith  Upstream 15.23 3 1.08 0.98 0.33 
 Downstream 68.78 3 0.96 0.87 0.42 
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Appendix E.2. Total number of fishes collected and abundance estimates (number of fish  
              per 100 m2) at 10 stream sites (upstream and downstream of road     
              crossings; sampling area in parentheses) in relation to the culvert in the  
   Blue Ridge ecoregion in Tennessee, May-August 2008. 
 
Site (date) Scientific name (common name) Number Abundance 
Baker Creek 
(6-30-2008) 
Upstream (470 m2) 
 Campostoma oligolepis (largescale stoneroller) 20 4.3 
 Semotilus atromaculatus (creek chub) 27 5.8 
 Hypentelium etowan (Alabama hogsucker) 2 0.4 
 Ambloplites rupestris (rockbass) 3 0.6 
 Micropterus coosae (redeye bass) 1 0.2 
 Total 53 11.3 
 Downstream (302 m2) 
 Campostoma oligolepis (largescale stoneroller) 56 18.5 
 Semotilus atromaculatus (creek chub) 30 9.9 
 Hypentelium etowan (Alabama hogsucker) 5 1.7 
 Ambloplites rupestris (rockbass) 8 2.7 
 Micropterus coosae (redeye bass) 3 1.0 
 Total 102 33.8 
Cookson Branch 
(6-2-2008) 
                                         Upstream (202 m2) 
 Phoxinus tennesseensis (Tennessee dace) 11 5.5 
 Rhinichthys obtusus (western blacknose dace) 50 24.8 
 Semotilus atromaculatus (creek chub) 10 5.0 
 Total 71 35.2 
 Downstream (196 m2) 
 Phoxinus tennesseensis (Tennessee dace) 98 50.0 
 Rhinichthys obtusus (western blacknose dace) 53 27.0 
 Semotilus atromaculatus (creek chub) 31 15.8 
 Total 182 92.9 
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Appendix E.3. Total number of fishes collected and abundance estimates (number of fish  
              per 100 m2) at 10 stream sites (upstream and downstream of road     
              crossings; sampling area in parentheses) in relation to the culvert in the  
   Blue Ridge ecoregion in Tennessee, May-August 2008. 
Site (date) Scientific name (common name) Number Abundance 
Grays Branch 
(5-13-2008) 
Upstream (191 m2) 
 Phoxinus tennesseensis (Tennessee dace) 4 2.1 
 Rhinichthys obtusus (western blacknose dace) 24 12.6 
 Semotilus atromaculatus (creek chub) 9 4.7 
 Total 37 19.4 
 Downstream (233 m2) 
 Phoxinus tennesseensis (Tennessee dace) 9 3.9 
 Rhinichthys obtusus (western blacknose dace) 83 35.6 
 Semotilus atromaculatus (creek chub) 15 6.4 
 Total 107 45.9 
Greasy Creek 
(6-23-2008)  
Upstream (323 m2) 
 Campostoma oligolepis (largescale stoneroller) 2 0.62 
 Luxilus chrysocephalus (striped shiner) 2 0.62 
 Phoxinus tennesseensis (Tennessee dace) 5 1.6 
 Rhinichthys obtusus  (western blacknose dace) 72 22.3 
 Semotilus atromaculatus (creek chub) 67 20.7 
 Cottus carolinae (banded sculpin) 39 12.1 
 Etheostoma simoterum (snubnose darter) 8 2.5 
 Total 195 60.4 
 Downstream (407 m2) 
 Campostoma oligolepis (largescale stoneroller) 34 8.4 
 Luxilus crysocephalus (striped shiner) 11 2.7 
 Phoxinus tennesseensis (Tennessee dace) 6 1.5 
 Rhinichthys obtusus (western blacknose dace) 127 31.2 
 Semotilus atromaculatus (creek chub) 58 14.3 
 Hypentelium nigricans(northern hog sucker) 2 0.5 
 Cottus carolinae (banded sculpin) 25 6.1 
 Ambloplites rupestris (rockbass) 3 0.7 
 Lepomis macrochirus (bluegill) 1 0.3 
 Etheostoma simoterum (snubnose darter) 21 5.2 
 Total 288 70.8 
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Appendix E.4. Total number of fishes collected and abundance estimates (number of fish  
              per 100 m2) at 10 stream sites (upstream and downstream of road     
              crossings; sampling area in parentheses) in relation to the culvert in the  
   Blue Ridge ecoregion in Tennessee, May-August 2008. 
Site (date) Scientific name (common name) Number Abundance 
Halfway Branch     
(5-27-2008) 
Upstream (238 m2) 
 Rhinichthys obtusus (western blacknose dace) 17 7.1 
 Semotilus atromaculatus (creek chub) 13 5.5 
 Total 30 12.6 
 Downstream (269 m2) 
 Rhinichthys obtusus (western blacknose dace) 24 8.9 
 Semotilus atromaculatus (creek chub) 45 16.7 
 Total 69 25.7 
Indian Creek  
(6-19-2008) 
Upstream (530 m2) 
 Campostoma oligolepis (largescale stoneroller) 1 0.2 
 Phoxinus tennesseensis (Tennessee dace) 20 3.8 
 Rhinichthys obtusus (western blacknose dace) 125 23.6 
 Semotilus atromaculatus (creek chub) 30 5.7 
 Cottus carolinae (banded sculpin) 9 1.7 
 Lepomis auritus (redbreast sunfish) 1 0.2 
 Etheostoma simoterum (snubnose darter) 8 1.5 
 Total 194 36.6 
 Downstream (426 m2) 
 Campostoma oligolepis (largescale stoneroller) 1 0.2 
 Phoxinus tennesseensis (Tennessee dace) 14 3.3 
 Rhinichthys obtusus (western blacknose dace) 173 40.6 
 Semotilus atromaculatus (creek chub) 32 7.5 
 Cottus carolinae (banded sculpin) 8 1.9 
 Lepomis auritus (redbreast sunfish) 13 3.1 
 Lepomis cyanellus (green sunfish) 1 0.2 
 Lepomis macrochirus (bluegill) 4 0.9 
 Etheostoma simoterum (snubnose darter) 3 0.7 
 Total 249 58.5 
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Appendix E.5. Total number of fishes collected and abundance estimates (number of fish  
              per 100 m2) at 10 stream sites (upstream and downstream of road     
              crossings; sampling area in parentheses) in relation to the culvert in the  
   Blue Ridge ecoregion in Tennessee, May-August 2008. 
Site (date) Scientific name (common name) Number Abundance 
Natty Creek  
(5-28-2008) 
Upstream (394 m2) 
 Rhinichthys obtusus (western blacknose dace) 44 11.2 
 Total 44 11.2 
 Downstream (414 m2) 
 Rhinichthys obtusus (western blacknose dace) 66 15.9 
 Total 66 15.9 
Sawmill Branch  
(5-20-2008)  
Upstream (570 m2) 
 Campostoma oligolepis (largescale stoneroller) 2 0.4 
 Cyprinella venusta (blacktail shiner) 33 5.8 
 Notropis chrosomus (rainbow shiner) 143 25.1 
 Rhinichthys obtusus (western blacknose dace) 8 1.4 
 Semotilus atromaculatus (creek chub) 63 11.1 
 Hypentelium coosae (Alabama hogsucker) 1 0.2 
 Cottus carolinae (banded sculpin) 31 5.4 
 Micropterus coosae (redeye bass) 1 0.2 
 Etheostoma coosae (coosa darter) 6 1.1 
 Total 288 50.5 
 Downstream (488 m2) 
 Campostoma oligolepis (largescale stoneroller) 4 0.8 
 Cyprinella venusta (blacktail shiner) 44 9.0 
 Notropis chrosomus (rainbow shiner) 30 6.2 
 Semotilus atromaculatus (creek chub) 50 10.3 
 Hypentelium coosae (Alabama hogsucker) 1 0.2 
 Cottus carolinae (banded sculpin) 29 5.9 
 Micropterus coosae (redeye bass) 1 0.2 
 Etheostoma coosae (coosa darter) 10 2.1 
 Total 169 34.6 
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Appendix E.6. Total number of fishes collected and abundance estimates (number of fish  
              per 100 m2) at 10 stream sites (upstream and downstream of road     
              crossings; sampling area in parentheses) in relation to the culvert in the  
   Blue Ridge ecoregion in Tennessee, May-August 2008. 
Site (date) Scientific name (common name) Number Abundance 
Sina Branch  
(5-13-2008) 
Upstream (236 m2) 
 Rhinichthys obtusus (western blacknose dace) 10 4.2 
 Total 10 4.2 
 Downstream (276 m2) 
 Rhinichthys obtusus (western blacknose dace) 175 63.4 
 Total 175 63.4 
Smith Creek  
(5-12-2008) 
Upstream (302 m2) 
 Phoxinus tennesseensis (Tennessee dace) 15 5.0 
 Rhinichthys obtusus (western blacknose dace) 19 6.3 
 Semotilus atromaculatus (creek chub) 12 4.0 
 Total 46 15.2 
 Downstream (458 m2) 
 Phoxinus tennesseensis (Tennessee dace) 110 24.0 
 Rhinichthys obtusus (western blacknose dace) 167 36.5 
 Semotilus atromaculatus (creek chub) 38 8.3 
 Total 315 68.8 
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Appendix F.1.  Approval of IACUC (Institutional Animal Care and Use Committee) of    
              the Department of Biological and Environmental Sciences at the   
              University of Tennessee at Chattanooga to conduct fish sampling as  
              described in the IACUC protocol. 
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